Three different fluorescence spectra were recorded following excitation at 250 nm (aromatic amino acids+nucleic acids), 270 nm (tryptophan residues) and 316 nm (NADH) for 25 strains of bacteria in dilute suspensions. Evaluation of the spectra using principal component analysis and hierarchical clustering showed a good reproducibility from culture to culture and a good discrimination of the bacteria. Applying the method of Mahalanobis distances to the spectra of lactobacilli species recorded following excitation at 250 nm, a good classification was observed for 100% and 81% of calibration and validation groups, respectively. The developed method allows the discrimination and identification of the investigated bacteria at the genus, species and strain levels. ß
Introduction
The identi¢cation of micro-organisms by conventional phenotypic procedures based on morphology and on biochemical tests is time consuming, involves a large number of reagents and is generally unable to discriminate microorganisms at the strain level. The recent development of molecular methods has been particularly fruitful for the di¡erentiation of micro-organisms at the species level [13 ] . Fourier transform infrared spectroscopy has been presented as an alternative to the above-mentioned methods in clinical [4] and food [5, 6] applications. Indeed, it has been demonstrated that a mid-infrared spectrum of a bacteria is the ¢ngerprint of this bacterial strain.
Fluorescence spectroscopy is one such technique whose theory and methodology have been extensively exploited for studies of molecular structure and function in chemistry and biochemistry. However, in food science, the utility of £uorescence spectroscopy for molecular studies has only been recently recognised [7, 8] . Using £uorescence spectroscopy in combination with chemometric methods, we have developed methods allowing the identi¢cation and the characterisation at the molecular level of cheeses [9] .
Bacteria retain numerous intrinsic £uorophores such as protein tryptophans, nucleic acids and co-enzymes emitting photons following excitation in the ultraviolet region [10] . The aim of this study was to investigate the potential of £uorescence spectroscopy in order to discriminate and identify di¡erent bacterial strains.
Materials and methods

Bacteria and growth conditions
The 25 bacteria used in this study are listed in Table 1 . In order to obtain reproducible data, we have set up a controlled experimental procedure relative to growth conditions and sample preparation. Previous studies in the mid-infrared region have shown that the spectra were especially sensitive to these parameters [5, 6] .
From the pure cultures kept at 320 ‡C (with 20% glycerol), the bacteria were grown on agar plate (Pastagar B; Bio-Rad, Marnes la Coquette, France) with BHI medium (Biokar Diagnostics, Beauvais, France) at 30 ‡C for 1 or 2 days (Table 1) , depending on the bacteria. Several colonies were harvested and suspended in a small volume of saline solution (NaCl, 9 g l 31 ). Saline solution was removed by centrifugation at 5000 rpm for 10 min. Then, cells were washed with 5 ml of saline solution (NaCl, 9 g l 31 ) and centrifuged as described above. Finally, the pellet was sus-pended in a de¢ned volume of saline solution in order to obtain an OD 620nm = 0.05. Optical density of bacterial cultures was measured using a Cary 100 Bio UV-Visible spectrophotometer (Varian, Australia). This suspension was used for £uorescence experiments.
The cultures of bacteria on agar plates were performed in triplicate from the pure cultures for all the strains, but one : six cultures of SA were performed.
Fluorescence spectroscopy
Fluorescence spectra of the bacteria samples were obtained using a FluoroMax-2 spectro£uorimeter (Spex-Jobin Yvon, NJ, USA) provided with a right angle cell holder. Bacteria samples were placed in a quartz cuvette. Emission £uorescence spectra (305^400 nm; resolution: 1 nm ; slits: 3 nm) of tryptophan residues were recorded with excitation wavelength set at 270 nm. Emission £uo-rescence spectra (280^480 nm; resolution : 1 nm; slits: 4 nm) were also recorded with excitation set at 250 nm (named AAA+NA spectra in the text). In this condition, a large number of £uorophores may be excited. These settings mainly corresponded to the £uorescence properties of aromatic amino acids in proteins and nucleotides constituting nucleic acids [10] . A third intrinsic £uorophore, NADH, was also considered. The emission £uorescence spectra (380^550 nm; resolution: 1 nm; slits: 6 nm) were recorded with excitation set at 316 nm. The spectra of each sample were recorded in triplicate using di¡erent aliquots. Samples from three di¡erent cultures were analysed.
Mathematical treatment of data
The £uorescence spectra have been normalised by reducing the area under each spectrum to a value of 1 according to Bertrand and Scotter [11] . Principal component analysis (PCA) was applied to the normalised spectra in order to investigate changes in the data [12] . This statistical multivariate treatment makes it possible to draw similarity maps of the samples. The similarity maps allow the comparison of the spectra in such a way that two neighbouring points represent two similar spectra.
Like PCA, hierarchical clustering methods allow to handle large data tables without making any preliminary assumption concerning the data. Hierarchical clustering was performed with Excel software (Microsoft) and was applied to normalised spectra.
When samples have to be assigned to qualitative groups such as species, predictions can be handled by discriminant techniques, such as Mahalanobis distances, which involve building a model from a calibration set and choosing a rule to assign the calibration samples to the qualitative groups. The method of Mahalanobis distances was applied to normalised spectra. The variable selection was realised following the classi¢cation percentage of the sam- 3. Results and discussion
Intrinsic £uorescence spectra of bacteria
It has been reported that phenylalanine, tyrosine and tryptophan residues of proteins exhibit £uorescence at about 320^330 nm after excitation at 250^260 nm [10] . The nucleotides constituting nucleic acids are also £uoro-phores despite that their quantum yields are about 100-times lower than the quantum yields of tryptophans [10] . Following their excitation at 260 nm, a maximum emission wavelength is observed at about 334 nm. Fig. 1 presents the spectra recorded following excitation at 250 nm of Lactococcus lactis (C), Kocuria varians (M) and Pseudomonas £uorescens (PF) dilute suspensions. They were characterised by a maximum located at 336 nm and a shoulder at about 411 nm. The shapes of the spectra varied largely from bacteria to bacteria.
It is well known that proteins in bacteria show £uores-cence in the 300^400 nm range following excitation at 280^290 nm of their tryptophan residues. The emission spectra of mainly protein tryptophan residues for the investigated bacteria were recorded (data not shown). To eliminate the Raman band observed following excitation at 290 nm, the excitation wavelength was ¢xed at 270 nm with emission wavelengths ranging between 305 and 400 nm. The emission maximum was observed at about 331 nm and shifted slightly to lower or higher wavelengths, depending on the bacteria. Finally, the £uores-cence emission spectra of NADH were recorded following excitation at 316 nm for all the investigated bacteria. The locations of the maxima were 404, 406 and 408 nm for PF, C and M bacteria (data not shown), respectively.
The spectra recorded on di¡erent bacteria using dilute suspensions showed di¡erences suggesting that a £uores-cence spectrum may be considered as a ¢ngerprint.
3.2.
Evaluation of the spectra of L. lactis, Pediococcus pentosaceus, K. varians, P. £uorescens and Listeria innocua PCA and hierarchical clustering were used to investigate the similarity of the spectra recorded for the three cultures Fig. 2 . PCA similarity map determined by principal components 1 and 2 for AAA+NA spectra for C, LIS, M, P and PF bacteria.
For coding of bacteria, see Table 1 Fig and the possibility to discriminate the ¢ve bacteria. Considering the AAA+NA spectra, the ¢rst two principal components took into account 95.2 and 2.5% of the total variance (Fig. 2) . The map de¢ned by the principal components 1 and 2 showed ¢ve groups corresponding to the ¢ve bacteria. For a given bacteria, all the spectra were located close to each other allowing to discriminate the ¢ve bacteria. These results obtained on AAA+NA spectra were con¢rmed by hierarchical clustering. Considering the level of statistical signi¢cance, Fig. 3 clearly shows ¢ve clusters corresponding to the ¢ve bacteria investigated. Similar results (not shown) were obtained from tryptophan and NADH £uorescence spectra. It is concluded that the experimental procedure relative to growth conditions and sample preparation allowed to record reproducible £uorescence spectra from culture to culture. In addition, the results showed a good discrimination of L. lactis, P. pentosaceus, K. varians, P. £uorescens and L. innocua. In a second step, the discriminant ability of the data was investigated by applying Mahalanobis distances on the spectral data recorded on the ¢ve bacteria. A good classi¢cation was observed for 100, 100 and 95% of the AAA+ NA, tryptophan and NADH spectra, respectively. It suggested that £uorescence spectra recorded directly on a dilute bacteria suspensions may be used for their identi¢ca-tion. Table 2  Classi¢cation table of For coding of bacteria, see Table 1 3.3. Discrimination and identi¢cation of bacteria at genus, species and strain levels
The AAA+NA spectra of seven Lactobacillus species, eight Staphylococcus species, L. lactis, P. pentosaceus, Micrococcus varians, P. £uorescens and L. innocua were pooled in one matrix. Mahalanobis distances method, a discriminant analysis, was applied on the spectral collection divided in two data sets for calibration and validation. The two sets were obtained by splitting the spectral collection, i.e., for each culture, two spectra were put in the calibration group and the other spectrum was used to create the validation group. Before applying the discriminant analysis, seven groups were created for lactobacilli, staphylococci, Lactococcus, Pediococcus, Kocuria, Pseudomonas and Listeria. A good classi¢cation was observed for 99.2 and 80% of the calibration and validation spectra, respectively. It was concluded that AAA+NA £uorescence spectra are ¢ngerprints allowing the identi¢cation of bacteria at the genus level. Table 2 gives the classi¢cation of the validation spectra into the seven groups. This table illustrated that P, LIS, PF, C and M strains were well discriminated, while some misclassi¢cation occurred for staphylococci group.
In a second step, the method of Mahalanobis distances was applied to two data tables corresponding to Staphylococcus and Lactobacillus species, respectively (Table 3a,b). It allowed to investigate the discriminant ability of the data at the species level. The approach described above was also used in these cases, i.e., eight and seven groups were created for the eight Staphylococcus species and the seven Lactobacillus species, respectively. A good classi¢ca-tion of the spectra of the Staphylococcus species amounting to 100 and 82% (Table 3a,b) was observed for the calibration and validation spectra, respectively. Considering the Lactobacillus species, similar results were obtained: 100 and 81% (Table 3a ,b) of good classi¢cation were observed for the calibration and veri¢cation data sets, respectively. Fig. 4 . PCA similarity map determined by principal components 1 and 2 for AAA+NA spectra for SB1^5. Table 3b Lactobacillus species
Observed Predicted
For coding of bacteria, see Table 1 Finally, the discriminant ability of the spectra was investigated at the strain level using ¢ve strains of S. carnosus (SB1^5; CIT collection, INRA Theix). These strains, known to be close to each other, have been characterised and exhibit weak di¡erences according to biochemical tests [13, 14] . PCA and Mahalanobis distances were used to investigate the similarity of the AAA+NA spectra recorded on the ¢ve strains and the possibility to discriminate them. Considering the results of PCA, the ¢rst two principal components took into account 93.4 and 4.4% of the total variance (Fig. 4) . The map de¢ned by the principal components 1 and 2 showed mainly four groups. For a given strain, all the spectra were located close to each other, allowing to discriminate all the bacteria, except SB2 and SB3. These results obtained on AAA+NA spectra were con¢rmed by Mahalanobis distances, i.e., a good classi¢cation of the spectra of the Staphylococcus strains amounting to 100 and 87.5% was observed for the calibration and validation spectra, respectively.
These results show that intrinsic £uorescence of bacteria may be a useful technique to investigate the discrimination and the identi¢cation of bacteria at the genus, species and strain levels. Although £uorescence spectroscopy is a technique whose theory and methodology have been extensively exploited for studies of both chemistry and biochemistry, the utility of £uorescence spectroscopy as a ¢ngerprint method has not been yet fully recognised.
The use of £uorescence spectroscopy for identi¢cation of bacteria of economical importance requires the establishment of large data bases. Currently we are developing spectral data bases for lactobacilli and staphylococci which are involved in the manufacturing of dry sausages. It will undoubtedly increase the reliability of the identi¢-cation and results obtained from £uorescence spectra could be similar to those obtained from well-established methods such as ribotyping.
Automated ribotyping allows a rapid and reliable identi¢cation at the species and genus level. But, this technique is very expensive to carry out. When the ribotyping is performed manually, it is still a reliable method but it is no longer a rapid method. Compared to ribotyping robots, spectro£uorimeters are much more cheaper and the developed method does not used reagents. The method based on intrinsic £uorescence is also rapid and the experimental conditions for the analyse have not yet been optimised; what we present in this paper is the development of the method. It is sure that the reliability of the identi¢ca-tion will be improved using larger spectral data sets. In addition, the method based on £uorescence, but not ribotyping, allows to discriminate bacteria at the strain level.
The potential of intrinsic £uorescence spectroscopy to monitor the identity of bacteria is based on the use of dilute suspension of bacteria. In fact, £uorescence spectroscopy o¡ers several inherent advantages compared with other spectroscopic methods such as infrared. First, £uorescence is 100^1000 times more sensitive than spectrophotometric techniques. Second, £uorescence allows to investigate a given molecule exhibiting well-de¢ned excitation and emission wavelengths and the £uorescence properties of a £uorophore are extremely sensitive to its environment. Due to this environmental sensitivity, a £uorescence spectrum retains information on the protein content (quantity and nature) of a cell, on the structure of proteins and on the interactions of proteins with other cell components. It can be considered as a ¢ngerprint. Compared with infrared, the other major interest of £uores-cence is the absence of signal from water. This major compound of the bacteria and of the samples is responsible for large contributions in near-and mid-infrared spectra requiring the dehydration of the sample prior the recording of a spectrum. Third, most £uorescence methods are relatively rapid. Diode array detectors or a CCD camera allow to record a spectrum in less than a second. In addition, the acquisition of spectra of a large number of samples can easily be automated by coupling a spectro£uorimeter and an plate-reader by a ¢bre optic.
Conclusion
Fluorescent properties of £uorophores are very sensitive to changes in their environment [8] . Using £uorescence spectroscopy in combination with chemometric methods, we have developed rapid and sensitive methods allowing the identi¢cation of bacteria at the genus, species and strain levels. The AAA+NA spectrum of a bacteria, as well as its tryptophan and NADH £uorescence spectra, are ¢ngerprints that allow identi¢cation of a bacteria species. This technique based on the intrinsic £uorescence of a bacteria suspension requiring a small amount of cells may have also application in the ¢eld of the authentication of fermented food products.
